Muscular contraction plays a pivotal role in the mechanical environment of bone, but controlled muscular contractions are rarely used to study the response of bone to mechanical stimuli. Here, we use implantable stimulators to elicit programmed contractions of the rat tibialis anterior (TA) muscle. Miniature stimulators were implanted in Wistar rats (n ¼ 9) to induce contraction of the left TA every 30 s for 28 days. The right limb was used as a contralateral control. Hindlimbs were imaged using microCT. Image data were used for bone measurements, and to construct a finite-element (FE) model simulation of TA forces propagating through the bone. This simulation was used to target subsequent bone histology and measurement of micromechanical properties to areas of high strain. FE mapping of simulated strains revealed peak values in the anterodistal region of the tibia (640 m1 + 30.4 m1). This region showed significant increases in cross-sectional area (28.61%, p , 0.05) and bone volume (30.29%, p , 0.05) in the stimulated limb. Histology revealed a large region of new bone, containing clusters of chondrocytes, indicative of endochondral ossification. The new bone region had a lower elastic modulus (8.8 + 2.2 GPa) when compared with established bone (20 + 1.4 GPa). Our study provides compelling new evidence of the interplay between muscle and bone.
Introduction
In 1892, Wolff [1] famously proposed a set of laws concerning bone adaptation to mechanical stimuli. His broad principle-that bone is able functionally to adapt to its mechanical environment-is still widely accepted [2, 3] . The skeletal environment is heavily influenced by contractile and kinematic forces generated by skeletal muscle during movement. Despite this, muscular contraction is rarely used experimentally to load bones under closely controlled conditions [4] [5] [6] [7] [8] . Typically, animals are either anaesthetized, and the bones are loaded in daily sessions using an external mechanical device, or they are subjected to exercise regimes [9] [10] [11] . These regimes have reported mild osteogenic responses that are highly variable between individuals, probably reflecting intraspecific variations of morphology, physiology and aptitude. Electrical muscular stimulation (EMS) via the motor nerve offers several potential advantages over the above paradigms. Perhaps its greatest advantage is experimental control; neuromuscular stimulation can generate contractions of the whole muscle for a pre-set time period at a pre-set frequency. The stimulation can also be delivered continuously over days or weeks without the need for repeated anaesthesia, supervised exercise sessions or mechanical loading protocols, offering a greater potential to resolve the integrated changes of muscular and skeletal phenotype [12] .
Here, we use recent advances in implantable microelectronics to determine the effect of electrical neuromuscular stimulation on the morphology and biomechanics of bone. We anticipated that the period of EMS will shift the muscle phenotype, and that the repetitive contractile forces generated would induce morphological changes in the tibia. We also anticipated that morphological changes would be most pronounced in regions of greatest strain. We have addressed these questions using micro-computed tomography (microCT) and histology together with recent advances in contrast-enhanced microCT [13] [14] [15] , nanoindentation and computational simulations of structural mechanics [16] [17] [18] .
Material and methods (a) Animal model
Nine male, eight-week-old Wistar rats (weights 228 -282 g) underwent surgical implantation of miniature neuromuscular stimulators [19] . Under general isoflurane anaesthesia, stimulators were implanted into the abdominal cavity. The electrodes were passed subcutaneously into the hindlimb to activate the common peroneal nerve. Stimulators delivered 0.2 ms pulses at 100 Hz for 200 ms every 30 s, resulting in a total of 9.6 min of stimulation per day. Each 200 ms burst of nerve stimulation at 100 Hz caused a very brief but fused (tetanic, near maximum force) contraction. After 28 days, the animals were euthanized. To evaluate any possible systemic or surgical effects on the contralateral control limb, three additional age-, sex-and strain-matched rats were analysed as controls (no surgery or specific loading regimes).
(b) Imaging
Hindlimbs from six experimental and the three control animals were removed, and stored in 10% phosphate-buffered formal saline. Hindlimbs were imaged twice with the Metris X-tek custom 320 kV bay system (University of Manchester) and reconstructed at 40 mm resolution (isometric voxels). For standard microCT, X-ray tube parameters of 75 kV and 200 mA were used. For contrast enhancement of muscle tissue (figure 1; see also [13] ), limbs were then stained with I 2 KI. To control for concentration-dependent specimen shrinkage [15] , all samples were immersed in the same concentration of solution for the same time period (9% I 2 KI for 9 days). Specimens were then scanned a second time (90 Kv; 130 mA; 40 mm). Hindlimbs from the remaining three experimental animals were subjected to muscle histology (see below).
(c) Macroscopic analysis
Volumes of stimulated tibialis anterior (TA) and extensor digitorum longus (EDL) muscles were calculated from contrast-enhanced microCT images using the Volume Est plug-in for IMAGEJ [20, 21] .
The maximum force production capability of TA was estimated using I 2 KI microCT data. Average fascicle lengths were calculated from 20 fascicles throughout TA. Physiological crosssectional area (PCSA) was calculated by dividing average muscle fascicle lengths by muscle volume. Muscle force estimates were then calculated by multiplying PCSA with muscle stress value of 0.3 N mm 22 [22] . Force estimates correspond well with those used in a previous model of the rat hindlimb [23] . Regional cortical thickness data were obtained using the BoneJ plug-in for IMAGEJ [20, 24] . To capture regional differences, 10 evenly distributed sites were sampled along the posterior and anterior surfaces of the tibia. Differences in cortical thickness were tested for using unequal-variance two-tailed Student's t-tests, with p-values , 0.05 considered significant.
(d) Finite-element analysis
Finite-element analysis (FEA) was used to simulate the strains experienced by the tibia-fibula complex during TA muscular contraction. The simulation was based on the control limb geometry closest to the mean form in the experimental sample (n ¼ 6), as determined using homologous landmarks and MORPHOJ [25] . Bones for the selected individual were reconstructed in three dimensions from the standard microCT data in AMIRA v. 5.4.0 (Visage Imaging, Pro Medicus Limited, Melbourne, Australia). The model included the tibia-fibula complex, the talus and the condyles of the femur, as well as cartilaginous growth plates, articular cartilages and medullary fat. The talus was set on a rigid-body platform. The rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140786 reconstruction was converted to a tetrahedral mesh in AMIRA (consisting of 284 766 tetrahedra) and was parametrized as well as analysed using FEBIO version 1.8 [26] . Constraints were applied to the femoral head and at the rigid body. Bone and fat were modelled as isotropic elastic materials with reference to published values [27] [28] [29] [30] [31] . Cartilaginous structures were modelled as near incompressible Mooney-Rivlin materials with reference to published values [32, 33] . Loads of 8.7 N were applied across TA's attachment site to represent the estimated contractile muscle force (see §2c on macroscopic analysis). A force was also applied at the femoral condyles of 0.89 N approximating the influence of body mass during stance. Force vectors were based on the attachment sites of the muscle and the typical orientation of the limb. A version of the model was validated against previously published strain data for a comparable rat tibia loaded under ex vivo external compression [34] .
(e) Focused bone analysis
Guided by the FEA, a distal segment of the tibia was selected for further analysis (figure 7a). Measures of bone area and volume for this region were taken with AMIRA from both hindlimbs of four experimental rats, and values were compared using twotailed unequal-variance t-tests ( p , 0.05 considered significant).
(f ) Histology
For histological analysis of muscle, fresh TA samples were dissected from the widest part of the muscle in three experimental animals. Samples were transferred to cork discs and snap frozen in isopentane, and stored at 2808C for subsequent cryostat processing. Serial frozen sections of 10 mm were cut in a cryostat at 2208C. Sections were stained for myofibrillar ATPase [35] , which allows identification of type 1, type 2a and type 2b/d fibres in one incubation. Further sections were stained with NADH dehydrogenase, to indicate the mitochondrial content of the muscle fibres and to cross-check fibre identification. For bone histology, the individual that was closest to the mean shape was selected. Guided by the FEA, the distal portion of the tibia was targeted for histological analysis. A distal portion of the tibia was cut from the rest of the bone using a slow-speed diamond saw, and samples were immersed in 12% ethylenediaminetetraacetic acid (EDTA) diluted in 10% formalin, pH 7.4. Following fixation and decalcification, tissues were processed for histology and embedded in paraffin wax. Paraffin blocks were sectioned at 5 mm intervals using a semiautomatic microtome, mounted and stained with haematoxylin and eosin (H&E). Further sections were stained using safranin O and fast green for indication of chondrocytes. Images were obtained using a Nikon eclipse Ci-L light microscope and a Nikon DS-Fi2 camera (Nikon, Tokyo, Japan).
Muscle fibre data were obtained from the histological sections using 1200 Â 900 mm images. A random number generator was used to select 200 sets of coordinates for each image of muscle taken. The coordinates were used to identify an unbiased sample population of muscle fibres, which were manually categorized into type 1, 2a or 2b. The cross-sectional area of each individual fibre was measured. The proportional cross-sectional area of Figure 2 . Volume reconstructions of tibialis anterior and extensor digitorum longus muscles in situ on the tibia of both control (left) and stimulated (right) limbs. Both stimulated muscles show a significant decrease in average muscle volume compared with the contralateral control muscle of 19% ( p , 0.05) and 16% ( p , 0.05), respectively. n ¼ 6. TAc, tibialis anterior control; EDLc, extensor digitorum longus control; TAs, tibialis anterior stimulated; EDLs, extensor digitorum longus stimulated. rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140786 fibre types was calculated. Differences in fibre populations were tested for using a two-tailed unequal-variance Student's t-test, with p , 0.05 considered significant.
(g) Nanoindentation
Slices of tibia were cut with the diamond saw from the control and experimental tibias. Bone slices were cold-mounted in a non-infiltrating epoxy resin (Eposet, MetPrep, Coventry, UK) and polished using P4000 silicon carbide paper to achieve a surface finish of 5 mm. The samples were then polished using Opus colloidal silica suspension polishing compound (MetPrep) to ensure a smooth bone surface for contact with the indentation tip. Nanoindentation was carried out using an Agilent nanoindenter G200 (Agilent Technologies, Chandler, AZ) instrument with an ultra-low load dynamic contact module indentation head. Indentations were carried out using a Berkovich tip with a 20 nm radius. The continuous stiffness measurement option [36] was used at a frequency of 75 Hz for the testing. Each indent was made in the bone up to a maximum depth of 500 nm with surface detection limited to 100 N m
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. A Poisson's ratio of 0.3 was assumed [29, 30] . Three distinct bone regions were identified for indentation (figure 8b). Thirty indents across regions A and C were made in an array, and 20 indents across region B were manually selected to avoid indentation of any blood vessels or fibrous tissue (figure 8). The nanoindenter was calibrated using fused silica with known mechanical properties before and after testing the specimen.
Results
The volume of the stimulated muscles, TA and EDL, showed a significant decrease of volume of, on average, 19% and 16% ( p , 0.05), respectively, when compared with the contralateral control limb (figure 2).
Histological analysis of fibre types within TA showed that both contralateral control and stimulated muscles contained a mix of type 1, 2a and 2b fibre types. Stimulated muscles showed significant decreases in the proportion of total crosssectional area of type 2b fibres (20%, p , 0.01; figures 3 and 4). There were no significant differences among other fibre types.
NADH staining represents mitochondrial content in muscle fibres. In the contralateral control muscle, NADH staining revealed fibres that were either unstained or densely stained (figure 4b). In the stimulated muscle, all fibres showed NADH staining (figure 4d ).
FEA revealed a region of high predicted strain in the anterodistal region of the tibia (figure 5). The anterodistal area experienced averages of 640 m1 effective strain and 328 m1 maximum shear strain.
Regional sampling of the cortical thickness along the anterior and posterior aspects of the tibias showed that there were no significant differences between regional cortical thickness along the posterior aspect of the tibia. Along the anterior aspect of the tibia, there was a highly significant increase (300 mm, p , 0.001) in cortical thickness also in the distal rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140786 region of the stimulated tibia compared with the contralateral controls ( figure 6 ). There were no significant differences in any parameter measured by microCT between the contralateral control legs and the control animal legs.
In the distal section of the tibia, there was a significant increase in average cross-sectional area of 1.41 mm 2 ( p , 0.05) and an increase in total volume of 4.98 mm 3 ( p , 0.05) in the stimulated limb compared with the contralateral control (figure 7). Histological sectioning targeted to this distal region revealed that the cross-sectional geometry of the contralateral control and the stimulated tibias were markedly different ( figure 8a ). The stimulated bone shows a large region of Nanoindentation measurements on the distal regions within the contralateral control and experimental bones showed that the average elastic modulus of region A, which represents the established bone, was 20 + 1.4 GPa. Region B, representing the region of new bone, was 8.8 + 2.2 GPa, and region C, which was the contralateral control tibia, was 15 + 1.5 GPa ( figure 11; see also figure 8b ).
Discussion
Electrical muscle stimulation (EMS) has been used mostly for examining the plastic potential of skeletal muscle [12, [37] [38] [39] and only recently used for studying bone. For instance, Qin et al. [40] used EMS to study the response of bone cell populations to EMS following spinal cord injury, but no morphological data were presented. Hence, this study is the first to use EMS to assess the effect of controlled muscular contraction upon the macro-and microanatomy of the supporting skeleton.
EMS resulted in transformation of TA towards a less fatigable phenotype. Three major fibre types found in rat muscle are type 1 (slow, oxidative), type 2b (fast, glycolytic) and the intermediate type 2a (fast twitch and oxidative) [12] . We have shown that a pattern of 100 Hz burst stimulation every 30 s for 28 days resulted in a significant decrease in type 2b fibres (figures 3 and 4) and an increase in mitochondria within the fibres (figure 4). Together, these suggest a decrease in susceptibly to fatigue. The reduction in muscle volume of the stimulated muscles (figure 2) is likely to represent the net effect of muscle fibre-type transformation away from fatigable type 2b fibres as types 2a and 1 have a smaller cross-sectional area than type 2b fibres [41] . These changes are consistent with transformation of muscle in endurance training [42, 43] .
In addition to muscular transformation, we show that EMS can be an effective technique for loading bone. A relatively short period of loading resulted in a dramatic increase in bone volume, which surpassed that seen by, for example, radical surgical methods [4] . The speed of bone deposition required for such a large increase in bone cross-sectional area (figure 7) over 28 days would require a minimum of 10 mm in transverse bone growth a day. Bone has a highly ordered structure, and mature bone cells are highly differentiated, so the deposition of bone is an iterative surface-bound (and often timeconsuming) process. In rats, the surface deposition of bone by osteoblastic apposition has a maximal rate in the region of 3.5 mm a day [44] . By contrast, cartilage is able to dramatically increase its volume, as its cells are capable of division and hypertrophy across its volume. This capability can be seen in the growth plates, for which the growth rate can be up to 125 mm per day in rats [45] . The chondrocytes then undergo cell death, and are replaced by bone cells. This mechanism provides a mechanically sound structure capable of faster growth than rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140786 direct growth of bone. The presence of chondrocytes within the region of new bone reported here implies that the adaptive response of the tibia to the muscle load was initially a rapid phase of cartilage growth followed by endochondral ossification. Investigation of our EMS model at earlier time points will help reveal the exact nature of the response. The elastic modulus of bone is indicative of its overall mechanical performance and reflects microstructural changes. Nanoindentation analysis showed that the region of new bone (region B, figure 8b ) has a far lower elastic modulus than the established bone (region A, figure 11 ). Newly deposited bone is less stiff when compared with established bone [46, 47] , largely owing to a lower mineral content. This discrepancy in moduli quickly diminishes as new bone mineralizes, with bone reaching a similar indentation modulus to established bone within 4 days of deposition in rats [47] . The mineralization process is not the only factor influencing the mechanical properties of bone. Increased porosity decreases bone stiffness [48] , and the presence of chondrocytes is also likely to decrease stiffness as cartilage has a far lower modulus than bone [49] . The lower elastic modulus of the region B is likely to be a combination of the relative immaturity of the bone (a lack of mineral), presence of chondrocytes and a higher porosity than region A (figure 9).
The skeleton is shaped by the effects of the forces it experiences, with an increase in strain resulting in bone deposition and a decrease in strain resulting in bone absorption [50] . This was originally thought to be governed by specific strain thresholds, with strains above 1500 m1 resulting in bone growth [51] . Later work in rats has shown that no bone response was shown below strains of 1050 m1 [6] . This is still higher than the strains recorded in our FE model (640 m1), albeit limited to a quasi-static simulation of just one contraction. As such our results underline the importance of factors other than the magnitude of the load, both in terms of the force applied and the strains produced, in determining an osteogenic response [52] . This is especially interesting in the light of the work of Turner et al. [6] . Here, we used approximately 2880 cycles per day, resulting in a total of 9.6 min of rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140786 10 N loading per day and provoking a large region of bone growth. In Turner et al.'s experiments, it was found that the lower limit for bone formation was 40 N; however, the loading protocol involved only 36 cycles per day, totalling 10.8 min of 40 N of loading per day. So, while the overall loading time is fairly similar, applying loads more frequently (and possibly at a higher rate) appears to have a greater effect than simply increasing the magnitude of the load, assuming the nature of the adaptive response was similar to the apparent endochondral process reported for the first time here. The exact mechanism for the response reported here is not fully understood, but it seems likely that the mechanical stimulus initiates the recruitment of precursor cells, possibly mesenchymal stem cells [53] . The differentiation and eventual fate of mesenchymal cells are controlled by biomechanical factors [54] , with compressive forces resulting in cartilage. If continuous compression is applied then cartilage will remain, but if it is intermittent, then chondrocytes undergo endochondral ossification to become bone [55] . Our FEA model shows that this region is intermittently exposed to compressive forces, which could explain the clusters of cartilage seen within the primary osteon formation. This study shows the value of EMS for skeletal biology, with a relatively short experimental period resulting in dramatic bone growth, both in terms of the volume generated and the time scale over which it was achieved. Such findings suggest that a carefully designed muscle stimulation protocol could offer targeted bone growth to at-risk regions of bone. This is a significant finding in the light of the ageing population and the burden of bone disease for healthcare providers.
All experiments received ethical approval and were carried out in strict accordance with the Animals (Scientific Procedures) Act of 1986. rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140786
